ABSTRACT Recent studies to elucidate relationships between the western tarnished plant bug, Lygus hesperus Knight, and injury to cotton (Gossypium spp.) have identiÞed important differences in feeding behaviors among adults of different gender and reproductive states. These Þndings suggest a need for improved knowledge of L. hesperus temperature-dependent reproductive development. We used nonlinear biophysical development rate models to describe the reproductive development of adult L. hesperus held under constant temperatures from 12.8 to 35.0ЊC. In addition, abdominal coloration was measured as a nondestructive indicator of reproductive maturity. The nonlinear models indicated most stages of ovary, seminal vesicle, and medial accessory gland development were subject to mild high-temperature inhibition, except for the stage of Þlled seminal vesicles. Development of Þlled seminal vesicles was subject to minor low-temperature inhibition and severe high-temperature inhibition. Estimated development times reßected extensive interindividual variation, especially at low temperatures. This variation suggests the opportunity to select for more rapid or more consistent reproductive development under the conditions of laboratory culture. Although presence of a dark aqua coloration of the ventral abdominal cuticle was statistically associated with reproductive maturity, especially in female L. hesperus, color-based predictions of reproductive maturity were often inaccurate for bugs reared at temperatures above or below 26.7ЊC. Therefore, use of abdominal coloration as an indicator of reproductive development in ecological studies seems inappropriate. The results provide mathematical descriptions of L. hesperus temperature-dependent reproductive development which should facilitate improved planning and interpretation of studies involving manipulation of adult reproductive status.
The western tarnished plant bug (Lygus hesperus Knight) is a polyphagous pest of crops in the western United States. Because of its economic importance, many aspects of L. hesperus basic biology have been examined. However, information on some biological aspects, such as its reproductive biology, is incomplete. Most information regarding L. hesperus reproductive development is relevant to only a narrow range of temperatures, or is based on the durations of premating or preoviposition periods. Beards and Leigh (1960) indicated the preoviposition period was Ϸ10 Ð13 d at temperatures of 25Ð27ЊC. In contrast, Leigh (1963) reported a preoviposition period of 6 Ð12 d at 27ЊC, and found that eggs were present in the ovaries by 7Ð12 d. reported the duration of the period between adult eclosion and mating was as short as 3Ð 4 d at 27ЊC, but that most bugs were 6 Ð 8 d old at the time of mating. They also examined the developing reproductive organs and reported male accessory glands and seminal vesicles were empty at 2Ð3 d of adult age, but that these organs were fully developed by 5Ð 6 d of age. Females followed a similar developmental schedule with oocytes Þrst appearing at 2 d of age, and eggs were present by 5Ð7 d after adult eclosion. Brent (2010) observed similar development times for male L. hesperus reared at 26ЊC, reporting the accessory glands and seminal vesicles were Þlled or distended by 7 d of age. However, these observations are of limited usefulness over most of the range of temperatures experienced by native populations of L. hesperus. examined the inßuence on the preoviposition period of constant temperatures from 12.8 to 35ЊC, but did not make corresponding observations of the chronology of development of the reproductive organs, did not examine male development, and made no attempt to quantify the relationship between temperature and reproductive development.
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Recent efforts to better understand the relationships between L. hesperus and injury to cotton (Gossypium hirsutum L., G. barbadense L.) have revealed substantial heterogeneity in feeding behavior among L. hesperus adults (Cooper and Spurgeon 2011a ). SpeciÞcally, feeding frequency and duration varied among combinations of adult gender and reproductive status. Greenhouse experiments indicate these differences in behavior correspond to differences in injury to intact cotton plants Spurgeon 2011b, 2012) . In these studies, L. hesperus of the desired reproductive states (prereproductive, reproductive) were obtained based on adult age by using the reports of and Brent (2009) as guides. However, more detailed knowledge of the chronology of L. hesperus reproductive development would facilitate laboratory and Þeld studies under a wider range of conditions by permitting more precise manipulation of L. hesperus adult physiological condition. In addition, if a nondestructive indicator of reproductive status, such as cuticle coloration, were identiÞed and validated, the usefulness of new information regarding reproductive development could be extended to a wider range of ecological studies. Our objectives were to quantify the reproductive development rates of L. hesperus adults over a range of constant temperatures, and to examine coloration of the ventral abdominal cuticle as a correlate of reproductive maturity. and Spurgeon (2011) demonstrated that longterm laboratory culture of L. hesperus resulted in diminished diapause response, increased frequency of oviposition by virgin females, and increased incidence of mating. Therefore, the insects used in this study were reared from eggs of Þeld-collected adults. Native adult L. hesperus collected from local Þelds of alfalfa (Medicago sativa L.) were reared on pods of green bean (Phaseolus vulgaris L.) and raw sunßower seeds (Helianthus annuus L.) in an environmental chamber maintained at 27Ð30ЊC with a photoperiod of 14:10 (L:D) h. Green beans containing eggs were transferred to 3.78-liter plastic rearing buckets with shredded paper and sunßower seeds, and were held in a rearing room maintained at Ϸ25Ð31ЊC with a photoperiod of 14:10 (L:D) h. Fresh pods of green bean were added to the buckets three times weekly, and the older beans were removed once nymphs were predominantly Նthird instars. Adults were removed from the rearing buckets by aspiration daily for the duration of the experiments.
Materials and Methods
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Reproductive development of adult L. hesperus was examined at seven constant temperatures (12.8, 15.6, 21.1, 26.7, 29.4, 32.2, and 35 .0 Ϯ 1ЊC) maintained within environmental chambers programmed to provide a photoperiod of 14:10 (L:D) h. Chamber temperatures were monitored twice weekly using HOBO loggers, model U10 (Onset Computer, Cape Cod, MA). The experiment was repeated three times such that each temperature treatment was assigned to a different chamber in consecutive repetitions. Within the Þrst two repetitions, the order of establishment of temperature treatments was randomized. The third repetition differed in that the two lowest temperatures were established Þrst to facilitate timely completion of the experiment.
When newly eclosed adults were obtained for the experiment, adults were aspirated from the rearing buckets beginning at Ϸ0800 hours. These adults were discarded and a second group was aspirated Ͻ4 h later. This ensured adults used in the study were Ͻ4-h old at the time they were assigned to temperature treatments. Within each combination of temperature treatment and experimental repetition a minimum of 90 newly eclosed adult L. hesperus of each gender was established. When substantial mortality was observed within 1Ð2 d of adult establishment additional bugs were included to ensure adequate numbers of survivors were available for dissection.
Within 1 hr of collection each adult was placed individually into a 18-ml plastic vial (Thornton Plastics, Salt Lake City, UT) closed with a screened snapcap lid. The vial was labeled with the insect number and date of eclosion, and was provisioned with a 4 Ð5-cm-long section of green bean pod. Cut ends of the bean sections were sealed with melted parafÞn. Both genders assigned to a given temperature treatment were maintained within the same chamber but in separate racks of vials. Green bean sections were replaced at least three times weekly at temperatures Ն26.7ЊC, twice weekly at 15.6 and 21.1ЊC, and weekly at 12.8ЊC. Bean sections were replaced more frequently than scheduled if they were visibly deteriorating.
The progression of reproductive development was documented through serial dissections. Dissections typically were performed at magniÞcations of 20 Ð30ϫ with the insect submerged in saline (0.7% NaCl [wt: vol] ). At temperatures Ն26.7ЊC dissections were performed at intervals of 1 d of adult age. At 21.1ЊC, adults were dissected at 2-d intervals. At 15.6ЊC adults of the Þrst two repetitions were dissected at 4-d intervals, but the dissection interval was shortened to 3 d for the third repetition. A 7-d dissection interval was used for the Þrst repetition at 12.8ЊC, but the dissection interval was shortened to 5 d for the last two repetitions. ModiÞcations of the dissection intervals at the lowest two temperatures were intended to Þll perceived gaps in the data from earlier repetitions. Ten bugs of each gender were dissected at each age except the last age for each cohort, when remaining bugs (4 Ð15) were dissected.
Reproductive stages recorded for female L. hesperus included 1) no ovary development, 2) previtellogenic oocytes, 3) vitellogenic oocytes, and 4) eggs. The female ovary is undeveloped at adult eclosion and each ovariole essentially consists of a slender vitellarium and a terminal germarium. Previtellogenic oocytes appear as nearly transparent spherical enlargements directly adjacent to the germarium. When they Þrst appear they are smaller than the germarium but are still detectable by the constriction separating the oocyte from the germarium. Vitellogenic oocytes are typically elongated and contain visible yolk. This yolk Þrst appears as a cloudiness around the periphery of the oocyte and subsequently appears as opaque white to amber colored contents. Although the vitellogenic oocyte may approach the size of an egg, it lacks a visible ßattening on one end to represent the operculum, and its surface has a matte appearance. Eggs range from whitish to amber in color, are glossy in appearance, and exhibit a ßattened operculum on one end.
In males both the seminal vesicles and the medial accessory glands were monitored for development. Seminal vesicles were classiÞed as 1) undeveloped, 2) Þlling, or 3) Þlled. The seminal vesicles are paired and their bases are in close proximity near the posterior terminal of the male abdomen. From that point they pass through the coiled distal sections of the medial accessory glands and extend to the testes. Undeveloped seminal vesicles can be very difÞcult to observe because they appear as thin transparent Þlaments and because much of their length is often concealed by a fatty dorsal shield. Filling seminal vesicles remain slender but contain diffuse, translucent material through most of their length. Opaque deposits of sperm are Þrst visible near the paired bases of the vesicles and sometimes are visible through the fatty shield. Filled seminal vesicles are completely or nearly completely Þlled with sperm, indicated by opaque white material extending to the encircling distal sections of the medial accessory glands.
Medial accessory glands were rated because Spurgeon and Brent (2010) found their condition informative regarding the diapause status of adult L. hesperus. Medial accessory gland ratings included 1) undeveloped, 2) Þlling, and 3) Þlled. The undeveloped glands are conspicuously small and lacking deposits in their bases. Filling of the medial glands is Þrst evidenced by the appearance of diffuse translucent deposits near the gland base. As these deposits accumulate, become more opaque, and extend toward the distal end of the gland base, the base elongates beyond the anterior margin of the seminal vesicles. Even after the white opaque deposits nearly reach the distal end of the gland base, empty space separating the opaque gland contents and the walls of the base is conspicuous over most of the length of the gland base. These early stages of medial accessory gland development were distinctly different from the glands described as underdeveloped in the diapause studies of Brent and Spurgeon (2011) . Glands resembling the underdeveloped glands described by Brent and Spurgeon (2011) were not observed in this study. During the later stages of medial gland Þlling the distal section of the gland may contain visible deposits, especially near the junction of basal and distal sections, but those deposits are somewhat diffuse and do not Þll the lumen of the distal section. Medial accessory glands classiÞed as Þlled were obviously enlarged with little empty space between the gland walls and their contents. When empty space was present near the distal end of the basal section, the gland contents were typically coneshaped at their distal end, often with yellow or lustrous (pearly) deposits at their apex. This latter condition was observed as a consequence of contraction of the contents of the gland during dissection. Filled glands also contained extensive opaque and often lustrous contents in the distal sections of the gland, which typically extended toward the anterior of the abdomen beyond the testes.
During previous research in which adult reproductive status was evaluated Brent 2010, Brent and Spurgeon 2011) a tendency was noted for association between an aqua coloration of the ventral surface of the abdomen and reproductive maturity, especially in females. Therefore, the color of the ventral abdomen of each bug was recorded immediately before dissection. Abdomen color was rated under ßuorescent lighting (GE Ecolux SXL Starcool 32W, General Electric, FairÞeld, CT) that provided a color temperature of 4,100ЊK. Preliminary observations indicated color perception under those lights was not noticeably different from that in sunlight, whereas color perception using the light source of the dissecting microscope (JCR 12V 22W A/3 halogen, KLS, Ishinomaki-shi, Japan; color temperature 3,350ЊK) was noticeably warmer (more yellow). The coloration of the ventral abdominal cuticle is highly variable (Wilborn and Ellington 1984), and color was recorded as a number of subjective categories including yellow, reddish yellow, pale green, light aqua, and aqua. Furthermore, the ventral abdominal cuticle of male L. hesperus darkens, becoming nearly black in some individuals, with increasing age at temperatures below Ϸ15.6ЊC (W.R.C. and D.W.S., unpublished observations). Males with darkened abdomens normally exhibited a narrow band of unmelanized cuticle on the lateral aspects of the abdomen. When males in this study were melanized, this unmelanized band was rated for color. Regardless of the number of color categories recorded, the primary interest was to compare the dark aqua coloration, versus all other colors, for association with reproductive maturity.
All statistical analyses were conducted using SAS (SAS ver. 9.2, SAS Institute, Cary, NC). The analytical strategy for estimating the temperature-dependent development rates was similar to that used by Spurgeon and Raulston (1998) . The proportions of bugs displaying a given character or stage of development was tabulated by experimental repetition, age at dissection, and temperature by using the SAS procedure PROC FREQ. The data Þle output by PROC FREQ was modiÞed through DATA steps to contain the proportion of bugs displaying a given rating at each age of dissection and the corresponding number of bugs dissected at that age. The respective proportions for each character corresponding to combinations of age and temperature were Þt to a logistic function by using the SAS procedure PROC NLIN. The numbers of bugs dissected at each combination of gender, repetition, and age were used as weights in these regressions. 
where r(T) ϭ development rate at temperature T (ЊK), RHO25 ϭ development rate at 25ЊC with no enzyme inhibition, HA ϭ enthalpy of activation of the reaction catalyzed by a rate-controlling enzyme, TL ϭ temperature (ЊK) at which the rate-controlling enzyme is half inactive because of low-temperature inhibition, HL ϭ change in enthalpy associated with low-temperature inhibition of the enzyme, TH ϭ temperature (ЊK) at which the rate-controlling enzyme is half inactive because of high-temperature inhibition, HH ϭ change in enthalpy associated with high-temperature inhibition of the enzyme, and R ϭ the universal gas constant (1.987 cal ЊK Ϫ1 mol Ϫ1 ). The model was Þt to the data using the program of Wagner et al. (1984) after modiÞcation for compatibility with SAS ver. 9.2 (SAS Institute 2008).
Because apparent asynchronous development of seminal vesicles and medial accessory glands was observed in some males at dissection, counts of seminal vesicles classiÞed as no development, Þlling, and Þlled were examined for association with corresponding counts for the medial accessory glands. These analyses were conducted for all counts combined and by temperature in contingency tables by using the SAS procedure PROC FREQ and the CochranÐMantelÐHaen-szel correlation statistic (Q CS , Stokes et al. 2000) . Finally, associations between reproductive status and coloration of the ventral abdominal cuticle (dark aqua versus other colors) were examined by temperature by using the Fisher Exact Test in PROC FREQ. In these analyses males were classiÞed as reproductive if both the seminal vesicles and medial accessory glands were rated as Þlled, and females were classed as reproductive if eggs were present in the ovaries.
Results and Discussion
Although the logistic functions Þt to frequencies of occurrence of the stages of L. hesperus reproductive development adequately Þt the data, the respective estimated 50th percentiles did not in themselves reßect the relatively shallow slopes of the Þtted functions. Comparisons of 50th and 90th percentiles of development times corresponding to stages of reproductive development better reßected these slopes, especially at temperatures Ͻ26.7ЊC (Tables 1Ð3). At temperatures Ͻ26.7ЊC the interval between the predicted 50th and 90th percentiles were commonly Ͼ50% of the development time corresponding to the 50th percentile, and in some cases it was much greater. At temperatures Ն26.7ЊC, the interval between predicted 50th and 90th percentiles was generally short (1Ð2 d) except when severe high-temperature inhibition of development was observed (seminal vesicles Þlled, 35.0ЊC, Table 2 ). The shallowness of the slopes of the Þtted logistic functions was a consequence of considerable interindividual variation in development time. This variation was observed at all temperatures but was accentuated, and thus more apparent, at the lower temperatures. These observations of interindividual variation in development may have implications regarding earlier reports of L. hesperus reproductive development. Our estimated median times (50th percentiles) for female development to reproductive maturity (presence of eggs) were similar to estimates of the preoviposition period reported by at temperatures Ն21.1ЊC. However, the mean preoviposition periods reported by at 12.8 (27 d) and 15.6ЊC (17 d) were much shorter than the development times to presence of eggs that we observed (Table 1) . The work by was conducted using insects from a laboratory colony under culture for 4 yr. The inßuences of long-term laboratory rearing on the diapause response detected by Spurgeon and Brent (2010) and validated by Brent and Spurgeon (2011) , and the increased propensities for mating, and oviposition by virgin females, observed by Brent and Spurgeon (2011) suggest long-term laboratory culture of L. hesperus applies substantial selection pressure for some biological characteristics. It seems likely, given the extent of interindividual variation in reproductive development observed in the current study, that differences between the preoviposition periods reported by at low temperatures and our estimated development times may have been at least partially a consequence of such selection.
Also apparent from the estimated development times was that different developmental processes (ovary development, seminal vesicle Þlling, medial accessory gland Þlling), and components of the respective processes, were differentially inßuenced by changes in temperature. The deleterious inßuences of high temperatures on all stages of ovary development (Table 1) and on the time to begin Þlling the seminal vesicles (Table 2 ) appeared very minor. In contrast, the inßuence of high temperature on completion of seminal vesicle development (Þlled) was comparatively severe (Table 2 ). The deleterious inßuences of high temperature on development of the medial accessory glands (Table 3 ) appeared intermediate to those acting on egg production and the seminal vesicles.
The program of Wagner et al. (1984) Þtting the development rate model to data corresponding to L. hesperus ovaries indicated high-temperature inhibition of development but no low-temperature inhibition over the range of temperatures we employed (Fig. 1) . Estimated TH (the temperature at which the rate-controlling enzyme is half inactive because of high-temperature inhibition) decreased for each sequential stage of ovary development, possibly indicating increasing susceptibility to the inßuences of high temperature. However, the extent of high-temperature inhibition at the latter two stages of ovary development should be interpreted with caution because corresponding estimates of development rate also include the inßuences of temperature on preceding stages of development. For example, development time for presence of previtellogenic oocytes decreased with increasing temperature over the entire range of temperatures we used. This was not the case for vitellogenic oocytes or eggs. However, duration of these latter stages was measured from adult eclosion, not from the Þrst occurrence of previtellogenic oocytes. Therefore, these estimates contain the durations between adult eclosion and oocyte formation, which may have partially negated the apparent impacts of high temperature inhibition estimated for the later stages. This consideration makes the biological interpretation of TH and its application to processes of development questionable irrespective of the reasonableness of the estimates. Development rate models Þt to the data for seminal vesicles indicated the absence of low-temperature inhibition of the initiation of seminal vesicle Þlling, but the presence of this inßuence for completion of the Þlling process (Fig. 2a and b) . Both models indicated the effects of high-temperature inhibition, which were severe for development of Þlled seminal vesicles. Although the estimated TH for seminal vesicle Þlling was slightly lower than for Þlled seminal vesicles, the extent of high-temperature inhibition illustrated by the models indicated a lesser degree of sensitivity for the initiation of seminal vesicle development than for completion of the process. Interpretation of these model parameters (TH) are subject to the same constraints as were stated for ovary development. reported that Þfth-instar male L. hesperus contain fully developed testes, so it is possible that initiation of seminal vesicle Þlling is facilitated by the advanced development of the testes before adult eclosion. In contrast, completion of seminal vesicle Þlling requires continued production of sperm. Therefore, it seems likely that the severe effects of high temperature on completion of seminal vesicle development, and possibly the mild inßuences of low temperature, were mediated through effects on sperm production rather than on sperm transport from the testes to the seminal vesicles.
Models describing the development rates of the medial accessory glands also indicated high-temperature inhibition (Fig. 2c and d) , with estimated TH ϭ 305.8ЊK for initiation of accessory gland development and TH ϭ 305.9ЊK for completion of accessory gland development. The predicted decrease in the rate at which accessory gland Þlling was initiated as temperature increased above 32.2ЊC appeared slightly greater than the corresponding effect for completion of gland development. Although this observation appears to suggest a slightly greater high-temperature sensitivity of the initial stages of accessory gland development than were indicated for completion of gland development, the inability to separate the effects of temperature on the two processes prevents a Þrm conclusion.
Examinations of the correlations between stages of seminal vesicle development and those of the medial accessory glands generally indicated a high degree of association between the two processes (overall Q CS ϭ 762.9, df ϭ 1, P Ͻ 0.01, n ϭ 1564). However, observed development within some individual males deviated from this pattern. Development was highly synchronized (same stage of development for both seminal vesicles and accessory glands) in 68.2% of males, and moderately well-synchronized (one organ rated as not developed and the other rated as Þlling, or one organ rated as Þlling and the other rated as Þlled) in 28.1% of the bugs. Most of the males exhibiting moderate synchronization of reproductive development possessed Þlled accessory glands but only Þlling seminal vesicles (34.8%) or the opposite trend (33.0%). Therefore, there was no evidence of consistently earlier development of one organ system when development was only moderately synchronized. In contrast, 3.7% of males exhibited poorly synchronized reproductive development, and 91.6% of these males were characterized by Þlled seminal vesicles but undeveloped medial accessory glands. Examination of the occurrence of poor synchrony of development by temperature did not suggest an inßuence of low or high temperatures as the percentage of males in this classiÞcation varied only from 1.35% at 29.4ЊC to 5.19% at 21.1ЊC. If low-or high-temperature inhibition was involved in this phenomenon it was expected the greatest proportions of males exhibiting asynchronous reproductive development would occur at the temperature extremes. These observations do suggest separate controls for development of the seminal vesicles and accessory glands. This conclusion is consistent with the asynchrony in their development that is ob- served in diapausing males (Spurgeon and Brent 2010) .
Experiences with dissections during previous research, primarily with insects held at 26 Ð27ЊC, led to the expectation that reproductive status could be identiÞed based on abdomen color. This expectation was based on the apparent association of a dark aqua coloration of the abdomen with reproductive maturity in female L. hesperus (D.W.S., unpublished observations). With the exception of males at the highest two temperatures examined, all contingency tables indicated a signiÞcant association of reproductive status with abdomen color (P Ͻ 0.05). However, these results were misleading because 64 Ð 88% of adult L. hesperus at any given temperature were prereproductive at the time of dissection, and many of these were too young to exhibit reproductive maturity or the aqua coloration of the abdomen. Therefore, the respective proportions of adults that were misclassiÞed by abdominal color for combinations of gender and reproductive classiÞcation (determined by dissection) were extracted from the contingency tables. These results indicated relatively modest classiÞcation errors for females held at temperatures Յ21.1ЊC, with most errors occurring when prereproductive bugs were incorrectly classed as reproductive based on abdomen color (Fig. 3a) . At temperatures Ն26.7ЊC, most errors in classifying females involved reproductive bugs misclassiÞed as prereproductive based on abdomen color. These results suggest abdominal color of females is more closely related to bug age than to reproductive development per se, and although development of the aqua coloration is temperature-dependent it is much less so than is development of the ovaries. This conclusion is consistent with the results, which indicate most errors at low temperatures involved females that exhibited the aqua coloration before the ovaries were fully developed, and most errors at high temperatures were caused by reproductively mature females that did not exhibit the dark aqua coloration. In contrast, most errors in the classiÞcation of males involved reproductively mature bugs classed by color as prereproductive irrespective of temperature (Fig. 3b) . The relative temperature independence of errors in classing males apparently was caused by the failure of most males to exhibit the aqua coloration regardless of adult age or extent of reproductive development.
Overall, the nondestructive classiÞcation of female L. hesperus reproductive status based on abdomen color may have some limited practical application in laboratory studies where the thermal environment is closely controlled. However, predictions of reproductive maturity based on abdomen color for either L. hesperus gender were too inaccurate for practical application in greenhouse or Þeld studies, or for use in laboratory studies involving temperatures outside a narrow range.
In summary, our studies of temperature-dependent reproductive development of L. hesperus adults demonstrate at least moderate high-temperature inhibition of reproductive development except for the case of Þlled seminal vesicles, which exhibited both measureable low-temperature inhibition and severe high-temperature inhibition. The wide ranges of development times observed among individual bugs, especially at the lower temperatures, may indicate the likelihood of selection for shorter or more consistent reproductive development times under conditions of laboratory culture. Such selection appears the best explanation for differences between development times to reproductive maturity observed in this study and corresponding estimates of the preoviposition period in earlier reports. Our results further suggest that changes in color of the ventral abdominal cuticle, at least for females, are temperature-and age-dependent, but are not sufÞciently correlated with reproductive maturity to serve useful purpose as a nondestructive indicator of reproductive status. Collectively, our results provide information to facilitate improved planning and interpretation of laboratory and Þeld experiments involving manipulation or measurement of L. hesperus reproductive condition.
